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Four FAEs from M. thermophila C1 were immobilised on mesoporous silica. Size-selective immobilisation of proteins was observed. Immobilised enzymes were used for transesterification reactions in solvents. Enzymes could be reused in nine reaction cycles with less than 10% activity loss. Solvent rinsing improved transesterification yield compared to conventional drying. 
Introduction
Ferulic acid (FA) and other hydroxycinnamic acids are naturally occurring, bioactive phenolic compounds that have been shown to have antifungal, antibacterial, antiinflammatory, antiviral and UV absorptive properties, as well as potential positive effects on age-related and neurodegenerative diseases (Tan and Shahidi, 2011; Barone et al., 2009; Tawat et al., 1996) . Feruloyl esterases (FAEs, E.C. 3.1.1.73; Crepin et al., 2004; Gopalan et al., 2015; Kroon et al., 1999) can be used to carry out esterification reactions between FA and alcohol or sugar groups (Giuliani et al., 2001; Matsuo et al., 2008; Thörn et al., 2011; Vafiadi et al., 2009 ). The resulting change in hydrophobicity/hydrophilicity of the original compounds broadens their applicability as antioxidants in the cosmetics, food and pharmaceutical industries (Antonopoulou et al., 2016; Faulds, 2010) . To minimise or avoid the hydrolytic reaction carried out by the enzymes in nature, (trans)esterification reactions must take place in organic solvents with low water content. This suppresses hydrolytic activity, and can also increase the solubility of hydrophobic substances, shifting the thermodynamic equilibrium towards synthesis rather than hydrolysis (Carrea and Riva, 2000) . However, it also constitutes an unfavourable environment for most enzymes (Hudson et al., 2005; Serdakowski and Dordick, 2008; Soares et al., 2003; Yang et al., 2004) . One strategy widely used to counteract the deleterious effects of organic solvents in industrial applications, is enzyme immobilisation (Es ß et al., 2015; Stepankova et al., 2013) . The increased stability of immobilised biocatalysts is attributed to the stabilisation of the active conformation and the prevention of unfolding or malformation. Another advantage of enzyme immobilisation is the efficient and relatively easy recovery of enzymes from the reaction media, separation from the product, and the ability to employ a continuous process, thus reducing the amount of enzyme required, and thus the production cost. Immobilisation can lead to a reduction in enzymatic activity; a disadvantage which is, however, counterbalanced by the ability to use the same batch of enzyme for many production cycles (Essa et al., 2007; Singh et al., 2013) .
Mesoporous silica (MPS) is one of the most widely used and studied support materials for enzyme adsorption (Magner, 2013; Moelans et al., 2005; Zhou and Hartmann, 2012) , a simple and inexpensive method of immobilisation that does not involve covalent bonds between the enzyme and the support material (Brady and Jordaan, 2009; Sheldon and van Pelt, 2013) . MPS has an ordered pore structure, a large surface area, high stability and a narrow pore distribution. The parameters and kinetics governing adsorption depend on both the biocatalyst and the specific support used (Cao, 2005) , and attempts have been made to correlate immobilisation conditions with the three-dimensional structure, size and surface potential of the enzyme of interest (Essa et al., 2007; Thörn et al., 2013) .
The aim of the present study was to optimise the production of butyl ferulate (BFA) by transesterification reactions with immobilised enzymes. BFA has been shown to have radicalscavenging and antioxidant activities (Kikuzaki et al., 2002) and is more lipophilic than ferulic acid, and thus attractive for use in cosmetics and pharmaceuticals. Four FAEs from crude fungal culture filtrates of the thermophilic fungus Myceliophthora thermophila C1 (Kühnel et al., 2012; Visser et al., 2011) were compared upon adsorption onto MPS with six different pore sizes and geometries, with the goal of maximising the BFA productivity and product selectivity. The effects of solvent-rinsing and reuse of enzyme-loaded MPS on transesterification activity were also investigated.
Materials and methods

Chemicals
HPLC grade methyl ferulate (MFA) and FA were purchased from Apin Chemicals Ltd., UK. BFA was kindly provided as a gift by Evangelos Topakas, National Technical University of Athens, Greece. All other chemicals were purchased from Sigma-Aldrich.
Enzymes
The M. thermophila C1 genes encoding the FAEs FaeA1, FaeA2, FaeB1 and FaeB2 were expressed individually in designated C1 hosts with low cellulase production background (Kühnel et al., 2012; Visser et al., 2011) . The biomass-free fermentation broth was concentrated and dialysed, and the resulting crude FAE extract was freeze-dried until use. The total protein samples (i.e., crude culture filtrates) are denoted C1FaeA1, C1FaeA2, C1FaeB1 and C1FaeB2, whereas the specific FAE enzymes are denoted FaeA1, FaeA2, FaeB1 and FaeB2. The primary amino acid sequences can be found under the Genbank accessions JF826027.1 (FaeA1), JF826028.1 (FaeA2), KX889209 (FaeB1) and JF826029.1 (FaeB2). Homology modelling was performed with the online-tool Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2) (Kelly et al., 2015) , and visualisation with YASARA (http://www.yasara.org/) (Krieger and Vriend, 2014) .
Synthesis of mesoporous silica
MPS particles with three different pore morphologies were synthesised: SBA-15, mesostructured cellular foam (MCF) and KIT-6. Tetraethyl orthosilicate (TEOS) was used as the silica precursor and Pluronic P123 (EO 20 PO 70 EO 20 , M W = 5800) as the structuredirecting agent in all syntheses. A procedure described previously (Gustafsson et al., 2012) was adapted for the synthesis of SBA-15 particles with pore sizes of 7.8, 8.7, 10.1 and 10.2 nm. MCF was synthesised according to the method developed by SchmidtWinkel et al. (2000) , using trimethylbenzene (TMB) as a swelling agent to obtain a pore size of 26.5 nm and a window size of 10.9 nm. KIT-6 with 6.6 nm pore size was prepared following the procedure described by Kleitz et al. (2003) . A more detailed description of the synthesis procedures can be found in Appendix A. The MPS particles were characterised by nitrogen sorption analysis using a Micrometrics ASAP 2010 instrument. Prior to the adsorption measurements, the samples were outgassed at 180°C for at least 6 h. The surface area was determined using the BET (Brunauer-Emmett-Teller) method (Brunauer et al., 1938) . The pore size distributions of the SBA-15 and the KIT-6 particles were determined using the BJH (Barrett-Joyner-Halenda) method (Barrett et al., 1951) , whereas for the MCF the simplified BdB-FHH method (Lukens et al., 1999) was used to calculate the pore size (using the adsorption isotherm) and the window size (using the desorption isotherm).
Immobilisation of proteins
The MPS particles were prepared for immobilisation by washing five times with immobilisation buffer (0.1 M citrate phosphate pH 3-7, 0.1 M Tris-HCl pH 7-9). Protein solutions were then added to the washed MPS particles and incubated on a mixing rotator at 4°C for 18 h. After incubation, the protein-loaded MPS particles were washed three times with immobilisation buffer to remove unbound protein. The protein-loaded MPS particles were either dried (in a SpeedVac vacuum concentrator at room temperature for 1 h) or rinsed with an organic solvent. Dried or solvent-rinsed protein-loaded MPS was stored at 4°C until use.
Solvent-rinsed enzyme preparations
Solvent-rinsed enzyme preparations (PREPs) were prepared as described previously (Partridge et al., 1998) . Briefly, after immobilisation, washed protein-loaded MPS was rinsed five times with 1-butanol, 1-propanol or ethanol, with or without added buffer, and stored until use at 4°C in the same solvent as was used for rinsing. To determine the amount of buffer to be added to the PREPs to reach a certain water activity (a w ), the Wilson equation was used (Vulfson and Halling, 2001) . Equations used can be found in Appendix A. Before use in transesterification reactions, the PREPs were rinsed three times with the reaction solvent system. In order to study the reusability of the immobilised enzymes, the PREPs were washed twice between each cycle with 1-butanolbuffer (92.5:7.5, v/v) before starting a new reaction.
Measurement of protein concentration and hydrolysis reaction product
The amount of immobilised protein, or protein loading (mg protein mg À1 MPS ), was determined indirectly by measuring the protein concentration in the solution before and after immobilisation, using the BCA method (Pierce BCA protein assay kit, Thermo Fisher Scientific). To visualise size-dependent protein immobilisation over time, proteins were separated by SDS-PAGE on stain-free TGX gels and visualised on a GelDoc EZ system (both Bio-Rad). To determine the FAE loading (mg FAE mg À1 MPS ) on the MPS, the amount of immobilised FAE was calculated as the difference between the total amount of active enzyme in the original sample (known from densitometric analysis; Table 1 ) and the percentage of actual immobilised enzymes, which was determined by measuring the hydrolytic FAE activity in the supernatant before and after immobilisation. The hydrolytic FAE activity was determined by hydrolysis of MFA, as described previously (Yue et al., 2009) . One unit of enzyme activity (1U) was defined as the amount of enzyme releasing 1 lmol of FA per minute per mL.
Transesterification reactions and product analysis
The transesterification reactions ( Supplementary Fig. S1a ) were carried out using 30 mM MFA as the acceptor. Solvent and alcohol donor 1-butanol, and buffer (0.1 M citrate phosphate buffer, pH 6.5) were added in a ratio of 92.5:7.5 (v/v), which has previously been determined to be suitable for another FAE (Thörn et al., 2011) . Enzyme was added either as free enzyme in the buffer fraction (75 lL of a 0.4 mg mL À1 protein solution in 1000 mL reaction volume), or as dried or solvent-rinsed immobilised enzyme on MPS (5 mg enzyme-loaded MPS per mL of the 1-butanol-buffer mixture). Reactions with volumes of 250-1000 mL were carried out in 1.5 mL Eppendorf tubes sealed with Parafilm, on a thermoshaker at 30°C and 1400 rpm. The detection and quantification of FA, MFA and BFA were carried out as described previously (Thörn et al., 2011) by HPLC (Dionex Ultimate 3000) using a Kinetex 2.6 mm 100 Â 4.6 mm C18 column (Phenomenex) with an isocratic elution profile of methanol and 3.33% acetic acid (7:3, v/v) ( Supplementary Fig. S1b ). Product selectivity was defined as the BFA:FA molar ratio, i.e., the amount of BFA produced divided by the amount of FA produced at a specific time. A BFA:FA ratio greater than 1 indicates that synthesis dominates over hydrolysis.
Results and discussion
Immobilisation of feruloyl esterases from M. thermophila on MPS
Proteins in crude culture filtrates of M. thermophila C1 fermentations containing different amounts of the active FAE enzymes FaeA1, FaeA2, FaeB1 or FaeB2 were immobilised on SBA-15 with a pore size of 10.1 nm (information about the samples is presented in Table 1 ). Since adsorption of proteins onto a silica support is mostly mediated by electrostatic interactions, and to a lesser degree by hydrophobic interactions and van der Waals forces, the maximum loading is achieved at maximum charge difference between the support and the protein surface. The theoretical pI of SBA-15 has been determined to be 3.8 (Essa et al., 2007) , meaning that at a pH above 3.8 the overall charge of the silica is negative. The highest protein adsorption for the C1 samples was observed at pH values <5, indicating that the majority of the proteins in the crude culture filtrates carry a surface net positive charge at pH values below 5. Adsorption was studied over time to determine the time required for maximum immobilisation. The adsorption of total protein was very rapid in the first ten minutes, and reached equilibrium after approximately one to three hours (Fig. 1a) , in agreement with previous observations (Thörn et al., 2011) . The effect of pH could be seen over the whole course of the experiment; adsorption was more rapid and more efficient at lower pH values than at higher pH values. For example, for sample C1FaeB1, 77% of the total protein was immobilised at pH 5, 60% at pH 6, but only 17% at pH 7 (Fig. 1a,c) .
Residual enzyme activity in the liquid fraction was determined over the course of immobilisation to indirectly determine the amount of FAE enzymes immobilised. The immobilisation of FAE activity was rapid during the first hour and reached an equilibrium after about three hours (Fig. 1b) . This is in agreement with the total protein adsorption shown in Fig. 1a . Generally, more FAE activity was immobilised at lower pH values (pH 5) than at higher pH values (pH 7). This is in accordance with the calculated pI values of the four enzymes, all of which were higher than the pI of SBA-15 (Table 1) . Interestingly, a higher percentage of enzyme activity than percentage of total protein was removed from the supernatant in almost all samples tested at all pH values (Fig. 1c) . This suggests that FAEs are more efficiently immobilised than other proteins in the samples.
Size-selective immobilisation of crude enzymes
To evaluate how immobilisation influences the enzymatic activity and stability of the biocatalysts, and how pore size and pore structure affect those parameters, MPS with different geometries and dimensions were included in the study (Table 2) . SBA-15 has a hexagonal, rod-shaped structure with round, straight pores of defined sizes, MCF has a foam-like structure consisting of pores connected via 'windows', while KIT-6 has a cage-like structure. These differences in geometry and pore size lead to different surface areas and pore volumes ( Table 2) .
The size of the protein of interest is arguably the most important consideration when designing the ideal support material for immobilisation. The three-dimensional structures of the four FAEs included in this study have not yet been experimentally determined, but their sizes were estimated using homology modelling Supplementary Fig. S2 ). Modelling showed that FaeA1, FaeA2, FaeB1 and FaeB2 have similar dimensions, of about 7 Â 5 Â 4 nm, and they should thus theoretically fit into the pores of all the MPS materials investigated (Table 2) , with the possible exception of KIT-6 (pore size 6.6 nm). After adsorption onto MPS, proteins in the size range of about 25-50 kDa (which corresponds to a globular protein of 4-5 nm in diameter) were much more depleted from the supernatant than larger proteins, as can be seen by the lighter staining pattern on the SDS-PAGE gel (Fig. 2a) . Thus, a certain degree of enrichment of the FAEs and exclusion of background proteins could be achieved through immobilisation, as suggested by the results given above, where the percentage of immobilised FAE was higher than the percentage of immobilised protein (expressed as the % of the total) (Fig. 1c) . The rapid progression of protein adsorption (Fig. 1a) was also reflected in the SDS-PAGE results, as the prominent FaeB1-specific band at about 30 kDa is significantly fainter after only 10 min (Fig. 2b) .
A correlation was found between pore size and the depletion of FAE in the supernatant; the larger the pores, the greater the reduction in FAE in the supernatant, i.e. the greater the adsorption into the pores (Fig. 2c ). However, with increasing pore size, more of the larger proteins were immobilised.
More total protein was adsorbed per gram of MPS at pH 6 than at pH 7 for all enzymes and MPSs (Table 3 ). The interaction of FAEs with the silica was also expected to be stronger at pH 6 than at pH 7, since at the lower pH value a larger area of the protein surface is positively charged, and will therefore be attracted to the negatively charged surface of the support material. This was confirmed by simulating the surface charge distribution of the enzymes at different pH values using homology modelling ( Supplementary Fig. S3 ).
A clear relation was observed of higher protein and FAE immobilisation on material with larger pores. Surprisingly, however, the material with the largest pores, MCF, showed FAE loadings similar to or lower than that on the material with the smallest pore diameter, KIT-6, for all samples except C1FaeB2. This suggests that the geometry of the MPS material also plays a role in immobilisation efficiency, since it is the only parameter distinguishing the MPS materials from each other, besides pore diameter. The straighter pores of SBA-15 might be more accommodating to the proteins than the foam-like structure of MCF, or they might be less prone to clogging, since there are fewer bends where proteins could accumulate.
Taking pore size, pore surface area and pore volume into consideration, we saw that the major factor limiting protein immobilisation on the MPS materials studied was the pore size. SBA-15 with a pore diameter of 7.8 nm had the highest surface area of the materials investigated (1.5 times higher than SBA-15 with 10.2 nm pores (Table 2) ), but could only accommodate a comparatively small amount of enzymes ( Supplementary Figs. S4-S7 ). If pore volume were the limiting factor, the material with the highest pore volume, MCF, should be able to accommodate the most protein. However, the lowest amount of enzyme per cm 3 MPS adsorbed was on MCF. This supports the theory that proteins can enter the pore spaces of SBA-15 more easily than of those of MCF. This stands, however, in contrast to a previous study where higher loading of horseradish peroxidase was found on MCF compared to SBA-15 (Chouyyok et al., 2009 ). The mechanism of protein diffusion into the pores of mesoporous silica of different geometries needs to be the subject of future investigations.
Transesterification with immobilised enzymes
Previous studies have shown that the enzyme activity after immobilisation is dependent on the immobilisation pH (Thörn et al., 2013) . We also observed that enzymes immobilised at pH values <5 did not show any activity, even when the subsequent reaction was run at neutral pH (data not shown). Thus, the conditions under which maximal enzyme loading was achieved were not optimal for maximal enzyme activity. In addition, pore size and curvature of the MPS material can also influence enzymatic activity, possibly through mechanisms such as molecular crowding and interactions with the surface that stabilise the active conformation of the enzyme (Dunker and Fernández, 2007; Lei et al., 2007; Thörn et al., 2011; Sang and Coppens, 2011) . To investigate the influence of immobilisation pH as well as MPS geometry on synthetic FAE activity, immobilised enzymes were investigated in a transesterification model reaction. The BFA productivities when using the total protein samples C1FaeB1 and C1FaeB2 were almost two orders of magnitude higher than those obtained with C1FaeA1 and C1FaeA2 (Fig. 3) , indicating that the enzymes FaeB1 and FaeB2 are better suited to the transesterification reaction. The best results were achieved with C1FaeB1 immobilised at pH 6 on SBA-15 with pores of 10.1 nm or 10.2 nm, or on MCF, resulting in productivities of 3.55, 3.97 and 3.50 mmol BFA g À1 h À1 , respectively. The productivity varied when using C1FaeB2 for transesterification; the highest values being obtained when using enzymes immobilised at pH 6 on SBA-15 with 7.8 nm pores (2.13 mmol g À1 h À1 ) and with 10.2 nm pores (2.43 mmol g À1 h
À1
) (Fig. 3) . The large variation in BFA yield when using immobilised C1FaeB2 is probably due to the low amount of FaeB2 enzyme present in the sample, which results in BFA yields close to the detection limit, and thus less robust calculations than in the other three C1 samples.
C1FaeB1 and C1FaeB2 exhibited higher productivities when immobilised at pH 6 than at pH 7 on almost all the support materials, while less pronounced differences were seen in the transesterification efficiencies of C1FaeA1 and C1FaeA2 immobilised at different pHs (Fig. 3) . In fact, C1FaeA2 showed better results on five of the six MPS substrates investigated when immobilised at pH 7; the maximum productivity being 22.6 ± 2.4 14.3 ± 0.1 KIT-6 41.6 ± 7.7 22.6 ± 6.3 pH 7 7.8 nm 25.0 ± 1.0 15.0 ± 0.2 pH 7 7.8 nm 45.8 ± 2.6 12.7 ± 4.4 8.7 nm 28.9 ± 3.2 15.3 ± 0.7 8.7 nm 46.9 ± 3.5 8.7 ± 3.2 10.1 nm 30.0 ± 1.3 15.4 ± 0.5 10.1 nm 46.1 ± 5.3 9.4 ± 3.7 10.2 nm 28.7 ± 3.7 15.0 ± 0.7 10.2 nm 54.2 ± 1.7 16.3 ± 1.8 MCF 28.5 ± 0.6 14.4 ± 0.2 MCF 45.5 ± 3.4 9.7 ± 3.6 KIT-6 21.9 ± 3.2 13.5 ± 0.5 KIT-6 42.5 ± 3.1 11.4 ± 3.1 C1FaeA2 pH 6 7.8 nm 20.3 ± 2.0 9.1 ± 0.00 C1FaeB2 pH 6 7.8 nm 36.7 ± 7.3 2.6 ± 1.0 8.7 nm 28.9 ± 4.0 9.1 ± 0.00 8.7 nm 49.6 ± 0.8 2.6 ± 0.2 10.1 nm 33.7 ± 1.6 9.1 ± 0.00 10.1 nm 54.7 ± 2.5 2.1 ± 0.3 10.2 nm 31.7 ± 2.2 9.1 ± 0.00 10.2 nm 53.5 ± 8.4 2.4 ± 0.8 MCF 28.3 ± 3.0 9.1 ± 0.00 MCF 59.6 ± 0.4 2.3 ± 0.2 KIT-6 14.3 ± 4.0 8.4 ± 0.4 KIT-6 59.5 ± 30.3 n.d. pH 7 7.8 nm 19.1 ± 0.4 8.7 ± 0.2 pH 7 7.8 nm 43.5 ± 3.0 1.4 ± 1.3 8.7 nm 22.9 ± 2.9 9.2 ± 0.3 8.7 nm 49.7 ± 0.6 2.6 ± 0.6 10.1 nm 20.2 ± 4.8 9.4 ± 0.1 10.1 nm 43.7 ± 2.7 1.5 ± 0.5 10.2 nm 26.5 ± 4.6 9.3 ± 0.2 10.2 nm 44.0 ± 3.4 1.3 ± 1.3 MCF 23.6 ± 0.6 8.7 ± 0.2 MCF 50.3 ± 1.7 3.0 ± 0.5 KIT-6 15.0 ± 2.6 7.8 ± 0.2 KIT-6 28.6 ± 4.1 2.0 ± 1.0
The conditions giving the highest protein or FAE loading are given in boldface. at pH 6. In a previous study, it has been shown that native protein structures in aqueous environments are best preserved upon confinement in SBA-15 pores with similar dimensions as the adsorbed proteins (Sang and Coppens, 2011) . We observed a similar trend, with the slightly smaller A enzymes (Table 1 , Supplementary  Fig. S2 ) having higher transesterification productivities in MPS with smaller pore sizes, while the larger B enzymes showed higher activities in bigger pores. Immobilisation on KIT-6, with pore dimensions close to the theoretical FAE sizes, had detrimental effects on synthetic activities and exhibited the lowest transesterification productivities of all tested supports (Fig. 3) . It is possible that on KIT-6, the enzymes were immobilised in a way that restricted the conformational changes necessary for catalysis, or the enzymes might be oriented in such a way that the active site is not accessible for the substrate. Free enzymes showed the best results with productivities 3-14 times higher than their immobilised counterparts (Fig. 3) . However, immobilised C1FaeB1 and C1FaeB2 exhibited the highest product selectivity, expressed as the BFA:FA ratio (Fig. 4) . A clear difference in the FA production (i.e., hydrolysis) was observed between the A and B enzymes, as well as between the two immobilised A enzymes. C1FaeA2 produced twice as much FA per gram FAE per hour as C1FaeA1. The stark difference in productivity and selectivity between the A and B type enzymes could be attributed to structural differences between the two, especially in the area around the catalytic site. Alignment of homology models of the proteins revealed that the type A and B FAEs of Supplementary Fig. S8 ). A higher amount of hydrophobic amino acids around the catalytic centre could influence the preference for transesterification over hydrolysis, however, the A and B type enzymes appeared to have very similar hydrophobicity around the active site. Four cysteine residues are present in FaeB1 and FaeB2, close to the putative catalytic residues aspartic acid and serine (Topakas et al., 2012) , which could form disulphide bridges ( Supplementary Fig. S9 ). The increased rigidity, and thus more stable conformation, introduced by disulphide bridges could contribute to both the higher productivity and higher BFA:FA ratios of the B enzymes.
Similarly, the higher selectivity exhibited by immobilised FaeB1 and FaeB2, compared to their free counterparts, could also be due to changes in enzyme structure resulting from adsorption onto the support material. The lack of a beneficial effect of immobilisation on the selectivity of FaeA1 and FaeA2 indicates that rather than being a general effect of immobilisation, it seems to be enzyme (structure)-dependent. This however needs to be investigated further.
Effect of solvent rinsing on transesterification yield
The yield and reaction rate of enzyme reactions in organic solvents are influenced by the water content in the system (Herbst et al., 2012; Zaks and Klibanov, 1988) . To maintain a low water concentration, immobilised enzymes are usually dried under vacuum before addition to the reaction medium. An alternative way to remove water is successive rinsing of immobilised enzymes with an organic solvent, a method that was originally performed with propanol (Partridge et al., 1998) and thus called propanolrinsed enzyme preparation (PREP). It has been suggested to lead to better retention of protein conformation, higher activity and improved transacetylation yields, compared to freeze-dried preparations (Majumder et al., 2007) .
PREPs of C1FaeB1, immobilised on SBA-15 with 10.2 nm pores, were prepared with three different organic solvents: ethanol, propanol and 1-butanol. Water content was adjusted to match the final water activity (a w ) in our reaction system (7.5% in 1-butanol, a w 0.234). In addition, PREPs with propanol with a w = 0 (no water) and with a w = 0.2 (corresponding to 7.5% water in 1-propanol) were also investigated. All solvent-rinsed enzyme preparations of C1FaeB1 performed better in the subsequent transesterification reactions than the vacuum-dried preparations with all but one of the PREPs showing twice the productivity of the dried enzyme preparations (Fig. 5a ). Solvent rinsing with 1-propanol, a w = 0, resulted in a similar productivity to drying. The different solvents, as well as small differences in water activity (0.2 vs. 0.243) had only minor effects on the BFA production rate. The use of PREPs increased the productivity of the immobilised enzymes so that the values approached those of the free enzyme sample, whose productivity was about 1.2 times that of the 1-butanol PREP (Fig. 5a) .
The storage of immobilised enzymes at 4°C, either dried or in the solvents used for solvent rinsing, was also evaluated (Fig. 5b) . All preparations were stable over the course of 23 days. The lower overall performance and slight decrease in storage stability of dried immobilised enzymes and PREP 1-propanol, a w = 0, may be due to irreversible conformational changes in the proteins in the absence of water during the dehydration step.
Reuse of immobilised enzymes
Reusability is one of the most important advantages of immobilised enzymes over free enzymes, and can lead to a substantial reduction in the production cost. The dried and solvent-rinsed preparations of immobilised enzymes (FaeB1 on SBA-15 with 10.2 nm pores) were tested over 9 reaction cycles, each one lasting 24 h. The immobilised enzymes showed excellent stability, with both BFA production rate and selectivity (BFA:FA ratio) being almost constant over the nine cycles (Fig. 5c-e) . At the end of cycle 9, the productivity had decreased by only 8%, at most, compared to cycle 1 (Fig. 5d) . BFA productivity and BFA:FA ratio of one time point of free enzymes are included in Fig. 5c ,e for comparison. Reactions with free enzyme resulted in by far the lowest BFA:FA ratio (4.2), followed by dried immobilised enzyme preparation (6.5). The best selectivity was achieved with PREPs 1-propanol, a w = 0, giving a value of 15.5. Thus, the best solvent-rinsed enzyme preparation resulted in an almost four times better synthesis-to-hydrolysis ratio than free enzyme. The complete absence of water in the 1-propanol PREP, a w = 0 might induce a conformational change in the protein structure that shields the active site of the enzyme from water in the later reaction, favouring transesterification over hydrolysis. The fact that this effect is not present in the dried enzyme preparation indicates that it is caused by the solvent rather than simply dehydration.
Conclusions
Immobilisation of FAEs on MPS resulted in stable biocatalysts that could be reused for several production cycles without significant loss of activity. Enrichment of the target enzyme, compared to other proteins in the crude culture filtrate, could be achieved on the support material by carefully choosing the pore size of the MPS. Product selectivity for the two type B FAEs could be greatly improved by adsorption onto MPS. Solvent rinsing further improved both productivity and selectivity of immobilised enzymes. 
